Abbreviations used in this paper: AVM = arteriovenous malformation; ECoG = electrocorticography; ESM = electrocortical stimulation mapping; LGG = low-grade glioma.
T he adjacency of intracranial pathology to canonical regions of eloquence has long been considered a significant source of potential morbidity in the neurosurgical care of patients. 52 Yet, several reports exist of patients who undergo resection of gliomas or other intracranial pathology in eloquent regions without adverse effects. 37, 39 For example, Plaza and colleagues 37 recently reported on a patient who underwent resection of a posteroinferior left frontal glioma. The patient's speech was grossly intact even after resection of the Broca area. Such reports not only highlight the "efficiency of brain plasticity," but also call into question whether anatomical and intracranial location can or should be used as a means of estimating eloquence. It is increasingly apparent from the scientific and clinical literature that the relationship between anatomy and function is not as clearly coupled as once believed and that this relationship is even more complicated in patients with intracranial pathology. 9 The sources of variability of functional localization, including anatomical, functional, pathology-related, and modality-specific sources, are systematically reviewed in this manuscript, highlighting the unpredictability of functional eloquence based on anatomical features alone. We argue that patients should not be considered ineligible for surgical intervention based on anatomical considerations alone. Rather, neurosurgeons need to take advantage of modern technology and mapping techniques to create individualized maps and management plans for each patient.
Anatomical Variability
Across patients, the human brain has a stereotypical pattern of gyri and sulci that forms the basis of neuroanatomical teaching. In patients without intracranial mass lesions, the consistent patterns of sulci and gyri enable clinicians and researchers to use neuroimaging studies to reliably identify neuroanatomical structures. For example, Kido and colleagues 25 identified a constant relationship between the posterior end of the superior frontal sulcus and the precentral sulcus to aid in the localization of the precentral gyrus. Similarly, Yousry and colleagues 60 suggested the precentral gyrus (even more specifically, the hand region of the motor strip) can be identified by the presence of a "knob-like" structure that is shaped like the Greek letters omega or epsilon on axial imaging. These common features across patients at least partially justify the development of neuroanatomical atlases such The adjacency of intracranial pathology to canonical regions of eloquence has long been considered a significant source of potential morbidity in the neurosurgical care of patients. Yet, several reports exist of patients who undergo resection of gliomas or other intracranial pathology in eloquent regions without adverse effects. This raises the question of whether anatomical and intracranial location can or should be used as a means of estimating eloquence. In this review, the authors systematically evaluate the factors that are known to affect anatomical-functional relationships, including anatomical, functional, pathology-related, and modality-specific sources of variability. This review highlights the unpredictability of functional eloquence based on anatomical features alone and the fact that patients should not be considered ineligible for surgical intervention based on anatomical considerations alone. Rather, neurosurgeons need to take advantage of modern technology and mapping techniques to create individualized maps and management plans. An individualized approach allows one to expand the number of patients who are considered for and who potentially may benefit from surgical intervention. Perhaps most importantly, an individualized approach to mapping patients with brain tumors ensures that the risk of iatrogenic functional injury is minimized while maximizing the extent of resection. (DOI: 10.3171/2009.11.FOCUS09239) as those of Talairach and Tournoux, and Schaltenbrand and Wahren, and the common practice in neuroscientific research to refer to specific cerebral areas by coordinates (for example, in the Talairach coordinate system, the inferior frontal gyrus corresponds to −56, +12, +32). 46, 54 Despite these common features and neurosurgery's historical reliance on atlases, there is tremendous interpatient neuroanatomical variability. Single-patient atlases, such as that of Schaltenbrand and Wahren, cannot account for normal variability across patients, let alone more complex variability introduced by aging, disease, and other unanticipated factors. Technological advances and increased availability of neuroimaging have made it easier to recognize this variability across patients. For example, Caulo and colleagues 13 reassessed the "knoblike" region of the motor strip in 257 patients and found 5 variants of the regions, 3 of which were previously undescribed. Likewise, Ebeling and colleagues 19 characterized the inferior precentral sulcus anatomy and identified 4 major anatomical variants. Anatomical variability is perhaps best highlighted by average intensity volumetric atlases, such as the MNI 305 and ICBM 452, which use multiparameter transformations and high-order polynomial warping to align brains of multiple patients, but still contain indistinct representations of both cortical and subcortical structures (Fig. 1) . 47 Because of this, Shattuck and colleagues 47 constructed a probabilistic atlas in which they provided a voxel-by-voxel probability of finding a specific cortical structure at a given location, demonstrating a high degree of variability in the spatial localization of each cortical landmark. Similar probabilistic anatomical maps have been generated for subcortical structures. 1 Neuroanatomical studies have identified multiple factors that affect anatomical variability, including but not limited to sex, handedness, aging, and neurological and psychiatric diseases such as depression, psychosis, and dementia. 2, 3, 30, 33, 56, 57 In the neurosurgical population, additional interpatient anatomical variability arises from the presence of intracranial pathology. Space-occupying lesions can efface adjacent sulci such that normal anatomical and imaging landmarks are more difficult or impossible to identify. 42, 59 Moreover, slow-growing low-grade tumors can infiltrate (and widen) neighboring gyri in such a way as to obliterate normal anatomical landmarks but retain function within the limits of the tumor. 49 Interpreting the relationship between anatomy and function and the significance of neuroanatomical variability is further complicated by the fact that anatomical variability is associated with and may itself contribute to distinct patterns of functional organization. For example, interhemispheric anatomical asymmetries (especially with respect to the planum temporale) have repeatedly been shown to be related to language lateralization (see Josse and Tzourio-Mazoyer 24 for review). 23, 53 These studies unambiguously demonstrate that anatomical variability and functional organization are intimately related in multiple dimensions, in ways that are difficult to account for on an individual basis.
Given current technology and paradigms, the potential factors that can affect neuroanatomical variability, particularly the unpredictable effect of intracranial mass lesions on neighboring brain, are likely too numerous to account for and make it difficult to use neuroanatomical landmarks to predict eloquence when evaluating an individual's brain.
Intrinsic Functional Variability
Early reports of functional organization suggested that function is tightly coupled to anatomy and that anatomical and imaging landmarks can be reliably used to predict the functional organization of the brain. 4, 25 For example, in the report described above by Kido and colleagues, 25 the authors suggest that the knob-like landmark of the precentral gyrus was highly predictive of the primary motor cortex dedicated to control of the hand. The assumption of tight and specific functional-anatomical coupling emerged in part from Penfield's depiction of the homunculus, which was intended as a pictorial simplification of his original findings.
Over time, it has become increasingly apparent that even with anatomical constraints to account for structural variability, functional localization is highly variable. 7, 20, 48, 55 For example, the concept of the precentral knob representing the primary motor area of the hand has In this "average brain," patients' brains were linearly transformed into a common space using a 12-parameter affine transformation.
been called into question with a recent report suggesting that depending on the patient, the "knob" can either represent primary motor or premotor cortex. 48 Others have reported variability in the functional organization of the primary sensorimotor cortices as well. For example, within the precentral gyrus, stimulation of individual cortical sites has been shown to recruit both sensory and motor phenomenon and in other cases stimulation has been shown to recruit motor movements in more than 1 motor group. 7, 20, 45 Variability in essential language cortices has also been described. For example, even after accounting for the anatomical variability of the posterior inferior frontal area, the University of California San Francisco group reported > 4 cm of variability in the localization of speech arrest sites in that region. 42 Although the University of California San Francisco group studied the variability of language function within anatomical constraints, the representation and variability of language cortices is generally more widespread, involving multiple cortical regions throughout the frontal, parietal, and temporal lobes. 17, 34, 44 In fact, the distribution of language sites is so vast that it is easier to predict where language will not be (for example, the inferior temporal gyrus) than where it is likely to be. 34 Not all areas, however, are equally likely to be essential for language function. For example, Ojemann and colleagues 34 reported that the posterior inferior frontal region is essential in 79% of patients, whereas the anterior middle temporal gyrus is essential in only 5% of patients (Fig. 2) . The variability of speech arrest sites in the frontal lobe (the Broca area) is generally greater than that of the parietotemporal regions (the Wernicke area). Despite the widespread distribution at a population level, essential language sites in an individual are usually discreet and occupy a smaller surface area than traditional descriptions of the Broca and Wernicke areas. 34 These ESM studies of functional variability have important limitations. Although intrinsic functional variability likely contributes significantly to the reported results, the effect of intracranial pathology (such as epilepsy and tumor) on the reported functional variability cannot be excluded or separated (discussed below). Also, these studies divide the brain into parcels based on predetermined metric distances (1 or 3 cm) rather than anatomical landmarks and therefore do not and cannot wholly account for the contribution of anatomical variability or intracranial mass lesions to the final results.
Disease-Related Functional Variability
The anatomical and functional variability described above are complex enough to make it unlikely to predict eloquence with a high level of precision and accuracy even in healthy patients. These intrinsic sources of variability, which are present in every individual, are compounded by the presence of intracranial pathology. Besides changes in cerebral anatomy (discussed above), intracranial pathology can introduce at least 3 additional sources of potential variability.
First, the presence of intracranial lesions, especially congenital lesions such as AVMs, may result in distinct patterns of functional acquisition. For example, several studies have noted a greater preponderance of right-sided language lateralization in patients with cerebrovascular malformations. 28, 58 By comparing these patients with those with adult-onset left hemisphere brain injury, who retain a normal distribution of language lateralization, Vikingstad and colleagues 58 suggested that the congenital nature of vascular malformations contributes to the atypical patterns of functional acquisition. Likewise, in patients with left temporal lobe epilepsy, earlier age of onset has been associated with a greater likelihood of atypical language lateralization, suggesting that the presence of intracranial pathology may affect acquisition (or consolidation) patterns. 8, 22 Whether these case series represent differential acquisition as opposed to reorganization is not entirely clear and is subject of great debate. However, for the purposes of the current discussion, the definitive cause for atypical organization is not necessarily important. What these and other studies show is that functional organization patterns (especially that of language) are different in patients with intracranial pathology and healthy patients.
As noted, intracranial pathology may not only affect acquisition patterns, but can also induce functional reorganization, in which functional representations shift to adjacent or remote (contralateral) regions due to insult to or progressive enlargement or involvement of eloquent structures, such as may be the case with LGGs. For example, Lucas and colleagues 29 compared language maps in patients with adult-acquired neurological injury (including glioma, subarachnoid hemorrhage, and traumatic brain injury) with age-matched controls and found that patients with neurological injuries have a greater proportion of frontal lobe language areas than controls, suggesting functional reorganization of language representations in these patients. The degree of functional reorganization and compensation, both neurophysiologically and behaviorally, is likely related to the time course of the disease, a topic reviewed extensively by Desmurget and colleagues. 16 This relationship is perhaps best exemplified by the fact that patients with LGG rarely present with neurological deficits. 36 Moreover, mapping studies in patients with LGG demonstrate multiple patterns of reorganization and compensation, including identifying function persisting within the tumor or redistributed immediately around the tumor, throughout the ipsilateral hemisphere, or into the contralateral hemisphere. 16 In all cases, patients seemingly have no deficit. This result is in stark contrast to outcomes in patients with acute stroke, who do not compensate or recover as well as patients with LGG of the same size and in the same location. 16 Studies of serial intraoperative mapping in patients with repeated surgeries for gliomas unambiguously demonstrated that the functional organization of the brain is dynamic and is subject to acute changes in the local environment. For example, Robles and colleagues 43 reported on 2 patients in whom maps of eloquent language cortices changed between surgeries spaced by several years, allowing a multistaged surgical approach for resection of LGGs in eloquent cortices. Duffau and colleagues 18 have also similarly reported acute patterns of reorganization during the same surgery, again reinforcing the concept that short-and long-term changes in the intracranial environment can lead to reorganization or unmasking of eloquent functions that would be impossible to predict based on anatomical localization alone.
Besides influencing the functional organization of the brain, intracranial disease can also cause disease-related imaging artifacts. Although this characteristic does not specifically affect the relationship between anatomy and function, it introduces yet another level of uncertainty in assessing eloquence. For example, some argue that functional MR imaging cannot be used to map eloquent cortices adjacent to AVMs because AVMs may alter the perfusion-dependent response that functional MR imaging relies on or because AVMs cause susceptibility artifacts that can interfere with detection of the blood oxygen level-dependent functional MR imaging response. These potentially disease-specific preoperative mapping limitations suggest that it is important to verify the reliability and accuracy of different mapping modalities in each disease population. For example, we specifically tested the accuracy and reliability of blood oxygen level-dependent functional MR imaging mapping in patients with vascular malformations and found that functional MR imaging is highly sensitive and specific for determining language localization in patients with vascular malformations, even directly adjacent to these lesions. 
Mapping-Related Sources of Variability in Functional Localization
The myriad of preoperative and intraoperative functional brain mapping techniques raise yet another layer of complexity. Although all mapping modalities measure functional changes that are related to underlying neuronal activity, the maps generated by various mapping techniques may not be directly comparable because the precise signal measured with each technique differs. Moreover, despite extensive research, the precise significance and relationship between various mapping signals is not necessarily well understood. Broadly speaking, functional brain mapping techniques localize brain function by measuring either electrophysiological or perfusion-related signals. Electrophysiological maps can be generated using single unit recordings, ECoG and local field potentials, and electroencephalographic or magnetoencephalographic techniques. On the other hand, PET, functional MR imaging, and optical imaging generate maps based on perfusion-related signals that are coupled to neuronal activity (to support local metabolism). Cortical stimulation mapping and transcranial magnetic stimulation are in a class of their own because maps are generated by inducing temporary lesions to disrupt function rather than measuring activity-related signals.
While all mapping techniques will (or should) produce similar maps, intermodality variation exists due to differences in techniques and underlying assumptions. The relationships between these various mapping techniques have been the subject of numerous studies, including comparisons between ESM and PET, 6 ESM with functional MR imaging, 39 ECoG and ESM, 10 ECoG with functional MR imaging, 26, 32 optical imaging and functional MR imaging, 11, 38, 41 electroencephalography with functional MR imaging, 31 and functional MR imaging with single units and local field potentials. 32, 35 Ultimately, for clinical relevance and implementation, each technique will have to be evaluated relative to patient outcomes. In the meantime, the most important comparisons from a clinical perspective are those between each technique and ESM. Whereas most mapping techniques identify all areas that are recruited by a specific task (detecting all activity-related signals), ESM only identifies essential areas, or areas without which the task cannot be executed. Consequently, in most such comparisons, techniques that map nonessential cortices are considered to be very sensitive but not very specific. With current technologies and implementation, preoperative and intraoperative mapping techniques besides ESM at best provide a framework within which to map the exposed brain but cannot replace ESM. 10, 39 Further discussion of studies comparing the various mapping signals is beyond the scope of this review but are critical for gaining insight into the physiological basis of and the relationship between the different modalities. The salient point is that while all signals are related, there are inherent differences in modalityspecific maps that must be considered.
In addition to intermodality variability, one must also consider trial-to-trial variability of mapping signals (which can result in distinct functional maps) and variability of functional maps related to differences in technique and analysis. 15, 40 For most mapping modalities, post hoc analysis of acquired data are as important, if not more important, than the original acquisition parameters. The sources of variability can be center-specific and therefore may change the reliability, accuracy, or clinical relevance of one mapping technique from one medical center to another.
Conclusions
Despite a tradition in neurosurgery of relying on standardized atlases and anatomically defined regions of eloquence to guide surgical decision making, we must instead rely on individualized data and maps that can account for much (but not all) of the variability discussed. Moreover, we must rely on mapping techniques that have been validated relative to patient outcomes, rather than relative to a surrogate marker. Because we are practicing in an era in which neuroimaging, functional imaging, and intraoperative brain mapping are more accessible than ever, it is imperative that lesions in or near eloquent regions are managed using an individualized approach. An individualized approach allows us to make informed clinical and operative recommendations for each patient 12 and expands the number of patients who are considered for and who potentially may benefit from surgical intervention.
Given the probability that more extensive resection of gliomas is associated with improved outcomes, 21 ,50 all patients with gliomas should be given serious consideration for resective surgery. Resectability is affected by multiple factors, including size, diffuse borders, insular or temporal lobe involvement, and presumed eloquent location.
14 When eloquent location is one of the primary factors limiting consideration for resection, further preoperative functional evaluation is mandatory. Neurosurgeons practicing in facilities that do not have means for preoperative brain mapping (functional MR imaging) or intraoperative stimulation mapping should refer such patients to centers that can offer these services. There is no "gold standard' for preoperative mapping and evaluation because no preoperative brain mapping technique has been validated with respect to outcomes. Nonetheless, based on our experience, preoperative evaluation should include functional MR imaging at a minimum. Evaluation of resectability may be augmented with addition of diffusion tensor imaging to visualize the position and integrity of white matter tracts deep to and around the lesion. 5, 27 Alternative approaches that have been advocated and could be considered include PET and magnetoencephalography/magnetic source imaging, depending on the experience, expertise, and availability of technology at a particular center. 5, 51 Regardless of technique used, preoperative maps should be evaluated by a neurosurgeon who is experienced in interpreting these maps to determine the best surgical approach. In patients in whom resection is attempted, intraoperative stimulation mapping is mandatory because it is the only technique with validated outcome measures. 34, 44 An individualized approach to mapping patients with brain tumors such as the one described in this paper will ensure that the risk of iatrogenic functional injury is minimized while maximizing the extent of resection.
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